Introduction
Adipose tissues play a critical role in the energy homeostasis of mammalian bodies. These tissues are mainly composed of white and brown adipocytes, which present different morphology and homeostatic functions [1] . White fat is mainly associated with energy storage whereas brown fat metabolizes fat to generate heat when stimulated [2] . The metabolism produced by brown fat may be estimated using noninvasive tissue temperature measurement techniques such as microwave radiometry. This electromagnetic thermal sensing technique is optimized using numerical and experimental phantoms that require a priori knowledge of tissue dielectric properties. Currently, there are no dielectric properties data available on brown fat. Thus, the goal of this study is to characterize the dielectric properties (relative permittivity εr and electrical conductivity σ) of both brown and white adipose tissues for use in electromagnetic-based thermal sensing techniques that allow the measurement and long term monitoring of brown fat metabolism.
White adipose tissue (WAT) is composed of white adipocytes, which are filled with one large lipid droplet (figure 1a) that pushes the nuclei to the side of the cell. White adipocytes main function is energy storage in the form of triglycerides, which occurs during meals, and energy release in the form of fatty acids, which occurs between meals. Long term imbalance between energy intake and expenditure will lead to excess accumulation of WAT, which can in turn lead to obesity. White adipocytes are also responsible for releasing hormones that tend to lower whole-body metabolism and promote insulin resistance, which further aggravate obesity and contribute to the appearance of type 2 diabetes [3, 4] . Brown adipocytes, on the other hand, present numerous smaller droplets in the cytoplasm (figure 1b), are densely vascularized, and are rich in large mitochondria containing the protein UCP1, which is uniquely expressed in these cells. UCP1 protein is responsible for uncoupling the oxidative phosphorylation that in turn is responsible for heat production [4, 6] . This thermogenic process is characteristic of brown adipose tissue (BAT) and is responsible for the dissipation of stored energy, hence playing a concurrent role with WAT in energy homeostasis. Thus, the ability to stimulate BAT activity may help mediate weight gain and insulin sensitivity [7] [8] [9] [10] [11] .
Interestingly, BAT cells can be activated with cold exposure. Cold excites the sympathetic nervous system and consequent release of norepinephrine (NE) at the sympathetic nerve terminals, which profusely innervate BAT cells. This pathway leads to UCP1 activation and consequent heat generation [7, 12] . The increased metabolism associated with thermogenesis is a good indicator of BAT activity.
Controlled modulation of BAT activity could lead to effective treatments for obesity and associated diseases such as type 2 diabetes and metabolic syndrome [3, 7, 13] .
BAT was thought to exist in significant amounts only in infants, small animals, and hibernating animals.
Using PET/CT (positron emission tomography/computed tomography) however, metabolically active BAT has now been found in well-defined regions (BAT depots) along the upper chest and upper back of adults [14, 15] . PET/CT has proven most effective for locating BAT due to its high uptake of radioactivelabelled glucose, measured in terms of 18 F-fluorodeoxyglucose [16] [17] [18] . These studies are expensive and non-portable however, and risks associated with radiation exposure prevent repetitive scanning.
Functional magnetic resonance functional imaging (fMRI) has also been used, but is similarly expensive and poorly-suited for repetitive or long-term continuous investigations [2, 19, 20] . Infrared thermography is a passive approach that has demonstrated feasibility for locating BAT. It detects increased metabolic activity from conduction of locally increased temperature at depth to the skin surface [21] . However, infrared radiation does not penetrate more than few millimeters. Thus thermal imaging is not sufficiently sensitive to quantify small changes in the metabolic activity of subsurface BAT regions that extend 1-3 centimeters deep and have a thermal signature that is affected by blood flow of overlying tissues as well as environmental conditions [22] . In summary, all three imaging techniques are logistically unsuited to continuously track changes in BAT activity over a long period of time [23] .
A new technology is required to facilitate long term studies of BAT metabolic activity. It must be painless, non-toxic, reliable, sensitive to several centimeters depth, and inexpensive enough for long term monitoring in large patient studies. Microwave radiometry was recently proposed for this purpose since it fits all these requirements [24] [25] [26] [27] . This technique uses a small microwave antenna on the skin surface to collect thermal radiation emitted by human tissues such as brown fat that are in the antenna radiation pattern. Once the sensor is calibrated, the received power is calibrated and converted into a volume-4 averaged measure of absolute temperature of the deep tissue target [26, [28] [29] [30] . The conversion algorithm relies on accurate characterization of electromagnetic wave propagation through the tissue between antenna and BAT target. Water and lipid content determines the transmission loss through human tissue, characterized by dielectric properties [31, 32] . Dielectric properties have been extensively studied for several tissues in humans and in animals [33] , but they have not yet been characterized for brown fat. This paper will characterize for the first time the frequency-dependent dielectric properties in the range 0.5-10GHz, at normal body temperature, for both brown and white fat in rats.
Methods
Six 8-month-old female rats (Rattus Norvegicus) were obtained from the Mississippi State University
College of Veterinarian Medicine. They weighted on average 200g and were presented in good health.
The most typically studied BAT depots in rodents are located in the interscapular region [34, 35] . After euthanasia (CO2 monitored until confirmed death), the skin was removed from the interscapular region and BAT could be easily identified between the shoulders (figure 2a). The dielectric properties were then measured in situ and post mortem using a dielectric properties measurement probe (Agilent E85070 Slim Since dielectric properties are temperature dependent, BAT internal temperature was monitored continuously using a fiber optic temperature sensor (FISO, Quebec Canada). For all six rats, in situ measurements were taken from three distinct interscapular BAT samples with tissue temperatures of 37 ± 1°C. WAT dielectric properties were measured in the lower abdomen and upper thigh regions using the same procedure and at the same temperature. These studies were conducted in accordance with a protocol approved by the Institutional Animal Care and Use Committee at Mississippi State University.
Dielectric properties are well defined by the complex relative permittivity r (unitless) that describes the ability of a medium to support an electric field:
where r ' is the relative permittivity and r '' the loss factor. Both real and imaginary components can be measured directly, but in regards to the loss factor, electrical conductivity (units S/m) is preferred and is given by
where ω=2 f (units rad/s) is the angular frequency of the electromagnetic field and ε 0 = 8.85×10 -12 F/m the permittivity of free space. Both relative permittivity and electrical conductivity are tissue, frequency and temperature dependent [33] . For simplicity, εr will be used in the remaining document to represent relative permittivity.
The Cole-Cole equation is widely used in the literature [36] [37] [38] because it provides a simple and accurate model of frequency dependent complex dielectric permittivity. In heterogeneous materials such as biological tissue, there are several dispersion mechanisms over the electromagnetic frequency spectrum.
In the microwave (MW) range 0.5-10GHz however, the dominant mechanism - dispersion -is associated with the orientation of polarized dipoles such as water molecules that are a major component of biological tissue [31] . Thus, the Cole-Cole equation may be expressed as a single-pole case, where the frequency dependence of the complex relative permittivity is defined as
where  is the time constant that characterizes the polarization mechanism; ∞ is the permittivity at field frequencies where  >> 1 and s the permittivity at  << 1; i is the conductivity due to ionic drift and to the lower frequency polarization mechanisms; Δ = s − ∞ is the magnitude of the dispersion; and  is a measure of the broadening of the dispersion [36] . In addition to these parameters, we also determined the relaxation frequency (fR = 1/2) associated with the  dispersion considered in equation (3) . For 6 tissues in the 0.5-20GHz range, it was recently shown that a single pole has been proven to suffice to fit tissue dielectric properties [37] . Outside this MW frequency range, multiple Cole-Cole dispersions are required to accommodate other polarization mechanisms. To fit the model to measurements, the following fitness function was minimized using the particle swarm optimization method, where each Cole-Cole parameter represents a dimension in the solution space:  are the computed candidate values [39] . Comparison of relative permittivity of brown and white fat in rats (reported here), rat muscle [40] and muscle and white fat tissues in humans [36] . Comparison of electrical conductivity of brown and white fat in rats (reported here), rat muscle [40] and muscle and white fat tissues in humans [36] .
Results

Figures
Figures 5 and 6 compare the Cole-Cole model fits of brown and white fat data in rats measured in the current study with the Cole-Cole models for human muscle and white fat retrieved from the literature [36] , as well as with the Cole-Cole model for rat muscle retrieved from Peyman et al. [40] . Muscle dielectric properties are roughly similar for human and rat tissues. The relative permittivity of WAT in 9 rats is two times higher than in humans over the entire measurement range 0.5-10GHz (figure 5).
Although similar at lower frequencies (0.5-4GHz), the electrical conductivity in rats increases more rapidly at higher frequencies than in humans, reaching 1.88S/m compared to just 0.59S/m for human WAT ( figure 6 ). However, the BAT dielectric properties measured in rats fall between the muscle and WAT values for both rat and human tissues.
Discussion
The measurement of tissue dielectric properties is challenging because it is dependent on several factors, such as the physiological state of the tissue, tissue inhomogeneity, and anisotropy [31] . To mitigate these effects and highlight the major dielectric differences between brown and white adipose tissues, the measurements were carried out in situ and post-mortem. After death, osmosis causes progressive cell swelling and tissue damage. As a consequence, dielectric properties will change depending on the length of time after death, but they remain relatively unchanged for a period of 30-120min, depending on tissue type [31, 37] . All measurements in this study occurred within 5-15min after death to avoid any error associated with tissue changes after death. In situ measurements were preferred to measurements in excised samples to avoid loss of body fluids and heat which influence dielectric properties [31, 41] .
Regarding to anisotropy, it becomes relevant only in skin and muscle tissues that have preferred electric paths for ion movement, e.g. along muscle fibers; that is not the case for either brown or white fat. The accuracy of measurements also depends on the probe sensing volume, which in our case corresponds to a sphere of about 5mm sensing radius in lossy tissue. Although in practice both BAT and WAT are closely surrounded by muscle or bone, the tissues were excised after measurement to confirm that each measurement site had a thickness of at least 5mm to minimize the reflections from surrounding tissues.
There is a well-known correlation between tissue water content and dielectric properties, where both permittivity and electrical conductivity increase directly with water content [41] . Reinoso et al. [42] measured an 18% and 76% water content in ex vivo rat white fat and muscle tissue, respectively. Current MR techniques allow in situ measurements and recently, Rasmussen et al. [35] determined a 25% higher water content in BAT (57%) when compared to WAT (32%), which is expected since BAT is highly vascularized and blood has high water content. The water content difference in WAT between both reported experiments (18% and 25%) is related to the fluid loss that occurs when measurements are implemented ex vivo, which highlights the relevance of doing in situ measurements. As observed in figures 5 and 6, the dielectric properties of BAT are between those of WAT and muscle, which is in agreement with the direct correlation between water content and dielectric properties.
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The Cole-Cole parameters obtained in this study are summarized in table 1. The data confirm that as expected, ∞ and s are higher for brown fat due to its higher water content. For the same reason, Δis higher for brown fat, since this parameter reflects the amount of free water in the tissue. The mean relaxation time () is longer for both tissues than the value for water (6.2), indicating a restriction in the rotational ability of at least some of the tissue water molecules due to the organic environment [36] . The white fat cells have a spherical shape and ~90% of their volume is comprised by a single cytoplasmic lipid droplet and a 'squeezed' nucleus, whereas brown adipocytes are polygonal cells with a roundish nucleus and several cytoplasmic lipid droplets (figure 1). Brown adipocytes are also characterized by numerous large mitochondria packed with cristae [1] . This heterogeneity might explain the higher broadening of the dispersion () in brown fat. These Cole-Cole parameters were fitted using the particle swarm optimization (PSO) method, where we allowed ∞ to vary, contrarily to Gabriel's study that fixed ∞ at 2.5 or 4 for low and high water-content tissues, respectively [36] . A recent study by Sasaki et al.
[38] addressed this limitation and used the least squares method to improve the Gabriel curve fits with success. Despite these differences, the PSO method proved to be a valid and useful approach to fit ColeCole parameters to the measured data.
In figures 3 and 4 one can observe that rat WAT dielectric properties are higher than human WAT. This is an indication that the rat adipose tissue should have a higher level of blood infiltration, whereas in the analyzed human WAT it should be closer to pure fatty tissue with lower water content. In terms of measurements deviation, the rodent white fat presents a high SDM (5.6% for r and 12.5% for , n=6), which is in accordance with other fatty tissues reported in literature [33, 37, 43] . The SDM for brown fat was 3.8% for r and 3.9% for  (n=6) and is within the range of other tissues: 1-5% from 0.3-5% [44] .
One limitation of the present study is the analyzed range 0.5-10GHz, which does not cover the relaxation frequency characteristic of the dispersion reported to be within 9-20GHz [36, 38] . We obtained fR = 17.6GHz for WAT and fR = 15.8 GHz for BAT. Nonetheless, the model fits our data well and is valid for studies at frequencies below 10 GHz which are useful for microwave radiometry purposes. In addition, there are other thermal medicine applications that operate at e.g. 915Mhz and 2.45 GHz that might also benefit from differentiating brown fat and white fat dielectric properties in their electromagnetic models [45, 46] .
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The end goal of ongoing studies on BAT metabolism is to understand the possible role of BAT in obesity and insulin resistance. Activating BAT is a key aspect, which can be accomplished by noradrenergic stimulation or cold exposure. Orava et al. demonstrated up to 12-fold increase in glucose uptake during cold exposure of 17°C ambient temperature for 2 hours [47] . This metabolism increase in BAT tissue was accompanied by doubling of blood perfusion to accommodate the increased demand of glucose and provide oxygen for mitochondria activity. However, the water content only changes about 10% [48, 49] and thus we do not expect significant changes in the dielectric properties ounce BAT is activated.
The increased metabolism and blood flow, which transfer heat from BAT to other parts of the body, result in a measureable temperature change in the BAT region of the order of 2°C [22, 24] . Tissue temperature influences dielectric properties, but for a 2°C differential above core temperature only 1-3% variation in dielectric properties is expected [50] . Different levels of BAT activation will result in different levels of temperature rise that can be detected at depths of several centimeters from the skin surface and correlated with BAT metabolism using a microwave radiometer sensor. The dielectric properties of brown and white fat reported in this work can now be assigned to experimental and numerical fat phantoms, an essential step in the development and calibration of radiometric temperature sensors.
Conclusions
We report the measurement of dielectric properties of brown and white fat in rats. These results fill a void in the existing knowledge of tissue dielectric properties of brown adipose tissue and its relation to white fat. A single-pole Cole-Cole model proved to be adequate to describe the frequency dependence of dielectric properties of both tissues in the range 0.5-10GHz. Both BAT dielectric properties (relative permittivity and electrical conductivity) are higher than those of WAT. This is in accordance with the higher water content of BAT, which typically correlates directly with dielectric properties. The dielectric properties characterized in this work will support the development and calibration of microwave-based technologies to monitor and/or activate brown fat metabolism continuously, in a non-invasive and cost effective manner. This data should improve the accuracy of microwave radiometry and thereby enable future research that improves our understanding of BAT metabolism in humans through continuous monitoring of BAT activity during drug development trials for control of diabetes and obesity.
